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1 Introduction Light-induced degradation (LID) is a 
deleterious effect in crystalline silicon causing a significant 
solar cell efficiency loss during one day of illumination. 
LID has been found to increase in Czochralski (Cz) silicon 
with either increasing boron or oxygen concentration, at-
tributing LID to a boron–oxygen defect complex [1–4]. 
Therefore, traditional methods of minimizing LID consist 
of choosing either a high-resistivity boron-doped Cz bulk 
material or oxygen-free silicon, such as Magnetic Czo-
chralski (MCz) and Float Zone (FZ) silicon. Degradation-
free solar cells have also been manufactured by replacing 
boron doping with gallium or by switching to n-type sili-
con [2–4]. However, all these alternative materials come 
with tradeoffs either in cell efficiency or cost [5]. 
Recently, Savin et al. [6] have observed light-induced 
degradation similar to boron–oxygen LID in both boron- 
and phosphorous-doped FZ silicon by intentionally con-
taminating the material with low concentrations of copper. 
Copper concentrations of 1014 cm–3 did not to affect the 
initial FZ minority carrier lifetime, but degradation was 
measured during sample illumination. Consequently, light 
activation was proposed to enable the formation of highly 
recombination-active copper precipitates [7]. LID was 
more pronounced in copper-contaminated Cz silicon than 
in FZ silicon, suggesting that oxygen and its related defects 
provide nucleation sites for copper precipitation during  
illumination.    
Unintentional copper contamination can easily occur 
during solar cell processing, due to the high diffusivity and 
solubility of copper [8]. As expensive screen-printed silver 
front contacts are replaced with electroplated copper [9], 
copper contamination will increase in the production line, 
making copper-related LID a central issue in silicon solar 
cells. In order to understand the role of the dopant in the 
copper-related degradation process, we intentionally con-
taminate Ga-doped Cz silicon with copper and subject the 
material to illumination. We study the degradation behav-
ior as a function of copper and doping concentrations, 
comparing the results to boron-doped Cz silicon.  
2 Experimental details In this experiment, light-
induced degradation was studied in 6-inch wide, 300 μm 
thick gallium-doped Cz silicon and on 4-inch wide, 
525 μm thick boron-doped Cz silicon. Table 1 presents the 
wafer resistivities and oxygen concentrations. The results 
were also compared to previously published data on simi-
larly processed 17 Ω cm B-doped Cz silicon [6].  
All wafers were first subjected to RCA cleanings fol-
lowed by dry thermal oxide passivation. The boron-doped 
sample was oxidized for 40 min at 900 °C and annealed in 
a nitrogen atmosphere for 40 min at 950 °C, producing 
a 15 nm layer of oxide. A 26 nm passivating thermal oxide 
was grown on the Ga-doped wafers at 1000 °C. Then, 
the  wafers  were  intentionally  contaminated with copper  
To date, gallium-doped Czochralski (Cz) silicon has consti-
tuted a solar cell bulk material free of light-induced degrada-
tion.  However, we measure light-induced degradation in gal-
lium-doped Cz silicon in the presence of copper impurities.
The measured degradation depends on the copper concentra-
 tion and the material resistivity. Gallium-doped Cz silicon is 
found to be less sensitive to copper impurities than boron-
doped Cz silicon, emphasizing the role of boron in the forma-
tion of copper-related light-induced degradation. 
Table 1 Resistivity and oxygen concentration of the studied Cz 
silicon wafers. 
dopant resistivity (Ω cm) oxygen concentration (ppma) 
Ga  0.41 16.1 
Ga 
B 
B* 
10.1 
18–24 
17 
17.7 
11–13 
14.5 
* Ref. [6].
through the thermal oxide. The lower copper contamina-
tion levels in Figs. 1 and 2 were induced through droplets 
of 1, 5 and 20 ppb% (w/v) copper solution [10]. The higher 
surface contamination levels were achieved by spin coating 
the front surface with 8 and 100 ppm% (w/v) of copper so-
lution [11]. The wafers were subsequently annealed for 
20 min at 800 °C in a nitrogen atmosphere in order to dif-
fuse the copper contamination into the wafer bulk. Finally, 
a positive corona charge was deposited on the wafers, in 
order to keep copper in the wafer bulk [12]. 
The initial minority carrier lifetime of the wafers was 
first measured at medium injection level (~1014 cm–3) with 
Microwave Photoconductance Decay (μ-PCD), after which 
the wafers were subjected to illumination. On the spin-
contaminated wafers, small-area illumination (1 mm2) was 
performed by bias light (>25 W/cm2, 973.5 nm) at room 
temperature for up to 117 h [13]. During illumination, the 
bias light intensity was decreased momentarily to measure 
the lifetime as a function of illumination time at a high 
injection level (~1016 cm–3) with a pulsed 904 nm laser 
(200 ns). The wafers with droplets of lower copper solu-
tion concentration (ppb) were illuminated entirely with a 
halogen lamp (200 mW/cm2) for 20 min at a temperature 
below 50 °C. After illumination, the final lifetime was 
again measured at medium injection with μ-PCD.  
3 Results and discussion Figure 1 shows the life-
time map of half a high-resistivity Ga-doped Cz silicon 
wafer with three circular copper solution contamination ar-
eas (1, 5 and 20 ppb) measured after 20 min of halogen  
illumination. Figure 2 presents the average lifetime values 
measured before (τinitial) and after (τfinal) halogen illumina-
tion in the three contamination spots in the same wafer  
(orange bars). Figure 2 also depicts the average lifetime 
values in correspondingly copper-contaminated low-
resistivity Ga-doped Cz silicon (gray bars) and high-
resistivity B-doped Cz silicon (green bars, values from [6]). 
Assuming identical copper diffusion conditions in Ga-
doped Cz silicon as in B-doped Cz silicon at 800 °C  
[13, 14], the copper solution concentrations in Figs. 1 and 2 
are estimated as 1.6 × 1010 cm–2 in the 1 ppb spot, 
4.2 × 1010 cm–2 in the 5 ppb spot and 6.3 × 1010 cm–2 in the 
20 ppb contamination area [6]. 
In Fig. 2, the contamination level 0 ppb refers to the 
sample reference area located above the contamination 
spots in Fig. 1. Although this reference area has no inten- 
Figure 1 Lifetime map of half a 10.1 Ω cm Ga-doped Cz silicon 
wafer with three contamination spots (1, 5 and 20 ppb of copper 
solution) measured after 20 min of halogen illumination. 
tional contamination, it may still contain some copper as a 
result of unintentional contamination from the furnace dur-
ing the 800 °C anneal. Therefore, the small degradation 
measured in the B-doped Si reference area is most likely 
due to unintentional contamination.  
In the two Ga-doped samples, no lifetime change is ob-
served in the reference area or in the 1 and 5 ppb spots of 
copper solution. These results are in agreement with the 
previously reported LID-free behaviour of Ga-doped Cz 
silicon [2–4]. However, significant degradation is meas-
ured in the 20 ppb copper solution spot in the high-
resistivity Ga-doped sample in both Figs. 1 and 2. This is 
an interesting result, as copper contamination appears to 
cause light-induced degradation also in Ga-doped Cz sili-
con. 
In the high-resistivity B-doped sample, LID is detected 
in all three contamination spots as discussed in Ref. [6]. As 
LID is observed only in the 20 ppb spot in the high-
resistivity Ga-doped Cz wafer, the dopant has a clear effect 
on copper-related LID in Cz silicon. Gallium doping ap-
pears to make Cz silicon less sensitive to copper contami-
nation than boron doping.  
Figure 2 Average lifetime measured before (τintial) and after 
(τfinal) illumination in a reference area and in three contamination 
spots (1, 5 and 20 ppb of copper solution) in Ga-doped Cz and 
B-doped Cz silicon. 
Figure 3 High-injection lifetime as a function of illumination 
time in Ga-doped and B-doped Cz silicon with varying copper so-
lution concentrations. 
As the low-resistivity Ga-doped Cz silicon wafer does 
not show any degradation in Fig. 2, the copper concentra-
tions were increased in the second experiment. Figure 3 
presents the time dependence of the degradation process at 
these higher copper concentrations. As expected, no degra-
dation is observed in the clean Ga-doped wafers, but clear 
degradation is measured in all copper-contaminated wafers, 
including the low-resistivity Ga-doped sample.  
Even though the degradation is visible in all contami-
nated samples, the degradation time constants tCu vary 
notably [13]. At the lower contamination solution level 
(8 ppm), the lifetime decreases rapidly in the high-
resistivity Ga-doped wafer. In the low-resistivity Ga-doped 
wafer, the same copper solution concentration does 
not cause degradation until 100 min in illumination, result-
ing in a degradation time constant of 3710 min. The slower 
degradation rate in the low-resistivity material may be 
caused by the higher gallium concentration, due to the 
resistivity dependency of the minority carrier injection 
level at constant bias light intensity. The slightly lower 
oxygen concentration might also reduce the degradation 
rate. 
Although the degradation rate is much slower in the 
low-resistivity material, both the degradation rate and the 
relative degradation increased after increasing the copper 
solution concentration to 100 ppm. Thus, LID appears to 
increase in both low- and high-resistivity Ga-doped Cz sil-
icon with increasing copper concentration. However, com-
pared to boron-doped silicon, Ga-doped Cz silicon requires 
higher copper concentrations and longer illumination times 
for copper-related LID to occur.   
4 Conclusion Gallium-doped Cz silicon wafers were 
intentionally contaminated with copper and subjected to 
illumination. Light-induced degradation was clearly ob-
served in the contaminated material and found to increase 
with increasing copper concentration or with increasing re-
sistivity. Higher copper concentrations and longer illumi-
nation times were required to induce LID in Ga-doped Cz 
silicon than in B-doped Cz silicon. Therefore, boron dop-
ing renders Cz silicon more sensitive to copper contamina-
tion. Previously, oxygen has also been shown to increase 
copper-related LID [6]. Hence, silicon with both high bo-
ron and high oxygen concentration appears to have the 
lowest tolerance to copper contamination.  
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